ABSTRACT Patients with chronic obstructive pulmonary disease (COPD) have decreased ventilatory and cerebrovascular responses to hypercapnia. Antioxidants increase the ventilatory response to hypercapnia in healthy humans. Cerebral blood flow is an important determinant of carbon dioxide/hydrogen ion concentration at the central chemoreceptors and may be affected by antioxidants. It is unknown whether antioxidants can improve the ventilatory and cerebral blood flow response in individuals in whom these are diminished. Thus, we aimed to determine the effect of vitamin C administration on the ventilatory and cerebrovascular responses to hypercapnia during healthy ageing and in COPD.
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Using transcranial Doppler ultrasound, we measured the ventilatory and cerebral blood flow responses to hyperoxic hypercapnia before and after an intravenous vitamin C infusion in healthy young (Younger) and older (Older) subjects and in moderate COPD.
Vitamin C increased the ventilatory response in COPD patients (mean (95% CI) 1.1 (0.9-1.1) versus 1.5 (1.1-2.0) L·min , p>0.05) healthy subjects. Vitamin C did not affect the cerebral blood flow response in the young or older healthy subjects or COPD subjects (p>0.05).
Vitamin C increases the ventilatory but not cerebrovascular response to hyperoxic hypercapnia in patients with moderate COPD. @ERSpublications Central chemosensitivity is increased after vitamin C infusion in COPD but not healthy young or older individuals http://ow.ly/Qf2TG
Introduction Adequate pulmonary ventilation (V′E) is essential to effectively regulate carbon dioxide and hydrogen ion concentration, to maintain pH within the normal physiological balance. An increase in arterial carbon dioxide tension (PaCO 2 ) stimulates the central chemoreflex loop, which leads to an increase in V′E. This homeostatic mechanism relies on the integration of several processes, including the central chemoreceptors (and to a lesser extent, the peripheral chemoreceptors) located within the brainstem and the effector pathways to the respiratory muscles. While this robust mechanism remains intact in health, aberrations may arise in the presence of respiratory disease, where the chemoreflex loop may be compromised. Chronic obstructive pulmonary disease (COPD) is known to involve many respiratory disturbances, including chemical control, and mechanical impairment. Studies have shown lower ventilatory responses to carbon dioxide in COPD patients [1] [2] [3] [4] . While pulmonary constraints alone [5] , as observed in COPD, lower the ventilatory response to carbon dioxide, chemosensitivity and respiratory weakness have been suggested to play a role. An initial study from ZAKYNTHINOS et al. [6] found that oral antioxidant supplementation increased the ventilatory sensitivity to carbon dioxide in healthy adults, suggesting a role for oxidative stress in regulating the sensitivity of the central chemoreceptors. Furthermore, the load (of carbon dioxide) on the central chemoreceptors is largely determined by cerebral blood flow (CBF) due to the proximity of the cerebral vessels to the chemosensitive areas of the brainstem medulla.
The oxidant-scavenging properties of the antioxidant vitamin C have been recognised for decades [7] . Most recently, a high-dose antioxidant cocktail was shown to reduce oxidative stress and restore vascular endothelial function in COPD patients [8] . It is presently unknown whether this same vascular benefit evident in the peripheral vessels is applicable to the cerebral circulation. We and others have previously shown decreased cerebrovascular responsiveness to carbon dioxide in COPD patients [9, 10] and, on this basis, it may thus be possible for vitamin C supplementation to ameliorate this deficit.
The purpose of this study was therefore to evaluate the effect of a vitamin C administration on the ventilatory and cerebrovascular responses to hyperoxic hypercapnia in patients with established, smoking-related COPD of at least moderate severity, compared with a healthy older control group (Older). Furthermore, we sought to study the effect of vitamin C on these responses in a healthy young cohort (Younger) to establish the effect of ageing, which, to date, remains unknown. We hypothesised that a single infusion of vitamin C would increase the ventilatory response to the greatest extent in COPD patients. Furthermore, we postulated that a blunted cerebrovascular response to hypercapnia in patients with COPD would be normalised following a single vitamin C infusion. This study was part of a larger investigation of vascular and ventilatory responses to a vitamin C administration.
Methods

Subjects
Healthy volunteers between 20 and 80 years were recruited from the community, and patients with established, smoking-related COPD of at least moderate severity (forced expiratory volume in 1 s (FEV1) <80% of the predicted value and FEV1/forced vital capacity (FVC) ratio <0.7) were recruited from outpatient clinics in Calgary, AB, Canada. Participants were asked to refrain from the use of short-and long-acting bronchodilators (24 h), blood pressure medication (24 h) and any combination of vitaminantioxidant supplementation (72 h) before laboratory sessions. Measurements and procedures COPD subjects and Older completed a pulmonary function test. All individuals completed a hypercapnic test before and after vitamin C administration. Tests were separated by a 45-min wash-out period. Normal saline was infused in the first experiment as an inactive control substance and vitamin C was infused in the second test. The intraclass correlation coefficient for repeated measurements of the ventilatory and cerebrovascular responses to hypercapnia was 0.93 and 0.82, respectively, as determined in a time control group (n=4) that did not undergo vitamin C infusion. Complete methodological details are described in the online supplementary material.
Measurement of vascular variables
Peak cerebral blood flow velocity ( VP) in the middle cerebral artery (MCA) was continuously measured using transcranial Doppler Ultrasound, as previously described [11, 12] . Heart rate, beat-beat blood pressure and finger pulse oximetry were measured continuously.
Hyperoxic hypercapnia
Testing was conducted in the supine position while breathing through a face mask. End-tidal oxygen (PETO 2 ) and carbon dioxide (PETCO 2 ) tensions were controlled using the technique of dynamic end-tidal forcing [11] and dedicated software (BreatheM v2.38; University Laboratory of Physiology, Oxford, UK). The protocol progressed as follows: 5 min baseline isocapnic euoxia (PETCO 2 +1.5 mmHg above rest and PETO 2 held at 88.0 mmHg), 2 min isocapnic hyperoxia (PETO 2 300 mmHg) and 5 min hyperoxic hypercapnia (PETO 2 300 mmHg and PETCO 2 +8 mmHg). Expired partial pressures oxygen and carbon dioxide were sampled continuously (100 Hz) using mass spectrometry (AMIS 2000; Innovision, Odense, Denmark) via a fine catheter. Respiratory volumes were measured with a turbine and volume transducer (VMM-400; Interface Associates, Laguna Niguel, CA, USA), and respiratory flow direction and timing were obtained with a pneumotachograph (RSS100-HR; Hans Rudolph, Kansas City, MO, USA). Breath-by-breath oscillations of the inspired PO 2 , PCO 2 and nitrogen tension were controlled via a fast gas-mixing system for precise accuracy and stability of the desired end-tidal values. ; 75 mL) of vitamin C (ascorbic acid; Alveda Pharma, Toronto, ON, Canada) was administered intravenously over 15 min followed by a continuous maintenance dose for 24 min (40 mg·min −1 ; 13 mL) during the experiment. This dosage of vitamin C has previously been shown to be effective at acutely increasing plasma ascorbic acid concentrations >15-fold [13] . Isotonic normal saline (0.9% sodium chloride) was infused at the same flow rate as ascorbic acid.
Arterial blood gas analysis
In a subset of participants (n=13), a catheter was inserted into the radial artery to obtain multiple blood gas measurements. Arterial blood samples were drawn into a pre-heparinised syringe (Preset; BD, Mississauga, ON, Canada) and sampled at the end of each stage. Blood was processed immediately (ABL800 FLEX; Radiometer, Copenhagen, Denmark).
Analysis
The response slopes (i.e. V′E and VP) to hypercapnia were determined by linear regression using the last minute of isocapnic hyperoxia and hyperoxic hypercapnia, and relating the change in the dependent variable to the change in PETCO 2 . Mean blood pressure (MBP) was calculated as:
Cerebrovascular conductance (CVC) was calculated as VP/MBP.
The Shapiro-Wilk test was used to assess for normal distribution of the data. For demographic and physiological differences between groups at baseline, data were assessed by comparing 1) Younger versus Older and 2) Older versus COPD using independent t-tests. Main effects and interactions were determined using a mixed-design 2×2 repeated-measures ANOVA (time×grouping) (SPSS Version 20.0; SPSS Inc., Chicago, IL, USA). Dependent t-tests (within group) and independent t-tests (between groups) were applied if a significant F-ratio was detected. The Bonferroni post hoc correction factor was used in the case of multiple comparisons. Data are presented as mean±SD or mean (95% CI) and significance is determined at α-level ⩽0.05.
Results
Study participants 38 subjects (12 Younger, 15 Older and 11 COPD) completed the study protocol. One COPD patient could not complete the experiment due to fatigue and breathlessness, and two Older had spirometric evidence of mild airflow obstruction (FEV1/FVC <0.70) and were therefore excluded from the study. Cerebrovascular data for one Older were excluded due to a lack of a suitable MCA signal. Physical characteristics and pulmonary function results are shown in table 1.
Effect of vitamin C at rest Ventilatory variables were not affected by vitamin C at rest in either Younger or Older or COPD (table 2) . Younger had higher VP and CVC, and lower MBP than Older (table 3) . COPD patients had similar VP, CVC and MBP, but higher heart rate, compared with Older before and after vitamin C. COPD patients had higher diastolic blood pressure only after vitamin C infusion (table 3) . Results of the air breathing data and the arterial blood gas analyses are included in the online supplementary material (tables S1 and S2).
Effect of vitamin C during hyperoxic hypercapnia Ventilatory
The V′E response slope was significantly greater in Younger than in Older but was not altered by vitamin C (figure 1). COPD patients did not have a significantly different V′E carbon dioxide response to Older during the saline control. Following vitamin C, the V′E response slope significantly increased in COPD patients only ( p<0.05) (figures 1 and S1). Contrary to what was observed in Older, inspiratory flow and breathing frequency were increased in COPD following vitamin C (table 2) . Cerebro-and cardiovascular variables Absolute VP and CVC were greater in the Younger than in Older during hypercapnia (table 3) . However, the VP reactivity was not different between Younger and Older under saline conditions (figure 1). Vitamin C did not have an effect on VP reactivity in Younger or Older (figure 1). VP reactivity did not differ between COPD and the Older, and were not different following vitamin C administration (figures 1 and S1).
Disease severity and response to vitamin C infusion There was a significant negative correlation between FEV1 (% predicted) and the change in the V′E carbon dioxide slope observed with vitamin C (r= −0.53, p⩽0.001), indicating that individuals with lower FEV1 (% predicted) had the greatest increase in the V′E carbon dioxide response after vitamin C (figure 2). We did not observe any relationship between the change in VP reactivity and FEV1 following vitamin C (figure 2). No relationship was observed between VP and V′E response slopes.
Discussion
This is the first study to investigate the role of an antioxidant in the regulation of CBF and the chemical control of breathing in healthy individuals and those with moderate, smoking-related COPD. We found that an acute, intravenous vitamin C administration increased the ventilatory response to hyperoxic hypercapnia in COPD patients but not in healthy young or older subjects. The increase in ventilation was achieved by both an increase in breathing frequency and inspiratory flow. The mechanisms for this observation remain unclear, although they appear to be unrelated to differences in the regulation of CBF.
Ventilatory response to hyperoxic hypercapnia: effect of vitamin C Perhaps the most striking finding of our study is that vitamin C increased the ventilatory response to carbon dioxide in patients with smoking-related COPD of at least moderate severity, and that the greatest improvements were observed in the most severe patients. In agreement with others [14] [15] [16] , ageing alone decreased the hypercapnic ventilatory response by approximately 25-50%. Since the ventilatory response to hypercapnia represents an integration of the entire chemoreflex arc (i.e. chemosensitivity, neuromechanical coupling and respiratory muscle function), the exact mechanism behind this attenuated response remains elusive. Contrary to the present results, ZAKYNTHINOS et al. [6] , using an oral antioxidant cocktail (vitamins A, C and E, allopurinol, and N-acetylcysteine), found an increase in central chemosensitivity as determined by the ventilatory response slope to carbon dioxide in healthy adults. While a cocktail precludes identifying a single mechanism responsible for this change, it also may partially explain the differences observed with the present study. Indeed, this cocktail is effective in reducing oxidative stress during resistive breathing [17] ; however, it is not apparent that it was selected specifically to target the central chemoreceptors, despite its effectiveness. Nevertheless, these authors show that a systemic decrease in oxidative stress is sufficient to unload the suspected oxidative stress-induced suppression of central chemoreceptor activity. It is possible that our single-antioxidant intervention was not as effective at reducing whole-body oxidative stress. Indeed, the cellular mechanisms contributing to the increased central chemosensitivity are unclear and results vary between species. Isolated preparations of a rat brain indicate that oxidants stimulate neurons in the solitary complex via a decrease in intracellular pH [18] . Vitamin C was selected as an intervention in the present study based on reports 
FIGURE 2
Relationship between the change in a) ventilatory and b) cerebrovascular responses in older healthy subjects (Older) and chronic obstructive pulmonary disease (COPD) patients during hyperoxic hypercapnia following vitamin C administration, according to lung function. Note the significant relationship between increasing disease severity (forced expiratory volume in 1 s (FEV1)) and a larger change in ventilatory, but not cerebrovascular, sensitivity after vitamin C infusion.
documenting its ability to acutely decrease systemic oxidative stress and increase nitric oxide bioavailability and restore vascular endothelial function [13, 19, 20] .
Nitric oxide may be involved in the control of breathing during hypercapnia. Specifically, neuronal NOS (nNOS) has been implicated in neuromodulation on the ventral surface of the medulla [21] . However, the specific contribution of nitric oxide synthase (NOS) in the ventilatory response to hypercapnia remains undetermined. KLINE and co-workers [22, 23] did not find any difference in the hypercapnic ventilatory response between wild-type and mutant mice (deficient in either endothelial NOS or nNOS), suggesting that NOS has a limited role in the regulation of the ventilatory response to hyperoxic hypercapnia. Conversely, TEPPEMA et al. [24] found reduced central and peripheral carbon dioxide sensitivity following systemic NOS blockade in cats.
Our results suggest that 1) suppression of oxidative stress on chemoreceptor activity is greatest in COPD or 2) alternate mechanisms along the chemoreflex arc were affected by vitamin C, such as an improvement in the respiratory muscles, decreased airway resistance or an interaction with the peripheral chemoreceptors. Despite the possibility of reduced diaphragmatic fatigue following vitamin C [25] , we doubt this to be a significant contributor, as COPD patients were not ventilatory-limited during the carbon dioxide challenge (∼40% maximum voluntary ventilation). The addition of measures of the neural drive to breathe would strengthen our confidence in the interpretation of the ventilatory response to carbon dioxide, particularly when studying a population with ventilatory constraints. Furthermore, although the ventilatory response to carbon dioxide is largely modulated by the central chemoreceptors under conditions of hyperoxia, the contributing role of the peripheral chemoreceptors in modulating this response is open to debate. Indeed, the carotid bodies may play an integral role in determining the respiratory sensitivity of the central chemoreceptors to carbon dioxide [26] .
CBF response to hyperoxic hypercapnia: effect of vitamin C PaCO 2 is an important regulator of the cerebral circulation. The dilatory response of the cerebral vasculature in response to increases in PaCO 2 is termed "cerebrovascular reactivity" and is often used as an index of cerebrovascular health [27] . The cerebrovascular response to carbon dioxide depends on the availability of endothelial nitric oxide [28] . Alterations in cerebrovascular regulation have been linked to reactive oxygen species-related endothelial dysfunction [29] and/or arterial stiffness [30] . Resting CBF velocity was reduced by ∼25% in older compared with young healthy subjects; however, cerebrovascular reactivity was not different with ageing or COPD. Surprisingly, mean arterial blood pressure increased by ∼5% in COPD patients (table 3 and table S1 ). This was not found in either young or older healthy volunteers. Conceivably, we would expect an improvement in vascular endothelial function with vitamin C. It is possible that the intervention affected central cardiovascular function and increased sympathetic outflow. Following vitamin C administration, COPD patients had an increase in heart rate, which may suggest increased cardiac output, contributing to the observed increase in MBP.
While we have previously found women with moderate COPD to have increased systemic oxidative stress and reduced responsiveness to euoxic hypercapnia [9] , several possibilities exist to explain the new findings, such as a difference in protocols (euoxic versus hyperoxic hypercapnia), anatomical position (supine versus upright) and sex differences. It is clear that heterogeneity exists between studies, protocols and disease severity, as others have also reported either a decreased [10] or normal [31] cerebrovascular response to carbon dioxide in COPD patients.
Cerebrovascular reactivity has been found to be restored in patients with elevated cardiovascular risk, secondary to increased nitric oxide availability [32, 33] . Our study reveals that vitamin C does not increase basal CBF or cerebrovascular sensitivity to carbon dioxide. The precise mechanism underlying these findings is not clear at this time. Firstly, it is possible that the brain is well protected against oxidative stress, as the brain has one of the greatest concentrations of vitamin C in the body. Alternate pathways for cerebrodilation may predominate in a state where nitric oxide is compromised (e.g. prostaglandins). This is supported by previous findings in our laboratory [34] , in which NOS inhibition did not alter the cerebrovascular response to hypercapnia in healthy humans. Secondly, it is also possible that vitamin C does not adequately cross the blood brain barrier, with the preferred method of transport being in the oxidised form, dehydroascorbic acid [35] .
Methodological considerations
Because plasma concentrations of vitamin C remain elevated for several hours following intravenous infusion [36] , we were unable to perform a randomised control trial of the active and control interventions within the same day, which precludes definitive conclusions from our results. Subjects were not blinded to the intervention, which introduces bias; however, the specific study objects were not revealed. To reduce day-day variability and optimise volunteer retention, the study was completed on the same day. Future studies performed in a larger cohort that address these limitations would be valuable, particularly to further examine the relationship between disease severity and vitamin C treatment. Secondly, although the plasma concentration of vitamin C is lower in COPD patients than controls and improved with vitamin C supplementation [8] , we do not have a measurement of these variables, nor do we have an indication of the antioxidant/oxidative stress balance within the brain. Thirdly, PETCO 2 was used as an estimate of PaCO 2 ; the accuracy of end-tidal measurements decreases with ageing (and lung disease) as the physiological deadspace increases, resulting in a widening of the PETCO 2 -PaCO 2 difference and an underestimation of PETCO 2 . In a subset of volunteers, we validated the end-tidal measurements against arterial measurements and found that during hypercapnia, PETCO 2 was lower than PaCO 2 in the COPD and older healthy cohorts but not in young healthy subjects. This has the greatest impact on between-group comparisons but does not affect the interpretation of the effect of vitamin C on the physiological outcomes.
Lastly, transcranial Doppler ultrasound is the most common technique used in humans to measure CBF velocity in the MCA due to its noninvasive properties and high temporal resolution. It is believed that during moderate hypercapnia, the diameter of the MCA does not change, allowing the inference that relative changes in CBF velocity represent similar changes in global CBF [37, 38] .
Clinical implications
The role of oxidative stress in COPD and its relationship to cardiovascular disease has received significant attention recently [8] . While we have previously suggested a link between oxidative stress and cerebrovascular function in COPD [9] , we were unable to modify the cerebrovascular response with an antioxidant administration in this study. However, our present results do show an involvement of a high-dose antioxidant administration in regulating the ventilatory response to carbon dioxide in COPD. This is an important finding, as a lower ventilatory response experienced in more advanced stages of COPD can lead to greater disturbances in acid-base balance. While our findings implicate a positive role of antioxidants on the ventilatory response, these findings need to be corroborated with future studies that use a more practical dosing regimen that would be available to patients, such as large oral doses.
In conclusion, we found that intravenous vitamin C administration in COPD patients increased the ventilatory, but not cerebrovascular reactivity in COPD patients during hyperoxic hypercapnia. We did not find any influence of vitamin C administration on ventilatory or cerebrovascular sensitivity in healthy young or older healthy volunteers.
